Pan Retinal photocoagulation (PRP), a retinal laser surgical process, is simulated using a three-dimensional bio-heat transfer numerical model. Spots of two different type of array, square array of 3 × 3 spots and a circular array of six spots surrounding a central spot, are sequentially irradiated. Pennes bio-heat transfer model is used as the governing equation. Finite volume method is applied to find the temperature distribution due to laser irradiation inside the human eye. Each spot is heated for 100 ms and subsequently cooled for 100 ms with an initial laser power of 0.2 W . Based on the outcome of temperature distribution, the laser is pulsated in subsequent simulations to reduce the average peak temperature of spots to minimize the temperature induced cell damage. A method to reduce the laser power to attain the peak temperature towards photocoagulation temperature (60
INTRODUCTION
The interaction of laser with biological tissues can cause photo-ablative, photo-thermal and photo-acoustic effects, which are used to treat a variety of diseases. The photo-thermal effects of laser on tissue is used in ophthalmology to treat retinopathy and macular degeneration maladies of the eye (Niemz, 1996; Sanghvi et al., 2008; Modi et al., 2009) . Pan Retinal Photocoagulation (PRP) is an extensively used laser treatment for retinal diseases (Lindblom, 1992; Buckley et al., 1992; Lövestam-Adrian et al., 2003 , 2004 Palanker et al., 2007; Sanghvi et al., 2008; Jixian et al., 2009; Modi et al., 2009) . In conventional PRP, a single laser spot, of diameter ranging between 200 and 500 µm is applied to the diseased retina for a duration of 50 ms or more. The power of the laser varies between 50 mW to 200 mW , and 700 to 1500 spots on the retina are irradiated. Advances in medical laser technology have enabled multi-spot irradiation where the required number of spots can be irradiated in rapid succession with a pre-defined array shape (e.g. square array, circular array etc.), thus offering better control over spot size, power and inter-spot distances than possible in conventional PRP machines (Luttrull et al., 2005; Blumenkranz et al., 2006; Paysse et al., 2007; Palanker et al., 2007; Sanghvi et al., 2008; Modi et al., 2009) .
During laser surgery, the intense and collimated laser beam can locally heat the retinal spot to temperatures higher than that required to coagulate the diseased tissue. This can affect the adjoining healthy regions, resulting in unnecessary damage to the eye (Till et al., 2003) . On the other hand, inadequate irradiation may not instigate coagulation in the target area, thus rendering the treatment ineffective. Computer modeling and simulation studies can help understand the temperature evolution during laser irradiation and prescribe optimum parameters for * Corresponding author. Email: arunn@iitm.ac.in safe and effective treatments.
An early model of heat transport in the human eye was presented by Cain and Welch (1974) using bio-heat transfer equation and corroborated with experiments conducted on the rabbit eye. Lagendijk (1982) used a computational grid that approximated the shape of the lens and other ocular structures to present models of human and rabbit eyes. Amara (1995) studied laser-ocular media interaction through a numerical heat transport model. A similar model was presented by Cvetkovic et al. (2008) . Their models were aimed at compliance to laser safety regulations and do not pertain specifically to clinical applications such as laser eye surgery. Thompson et al. (1996) reported a numerical granule model of laser absorbance in RPE (Retinal Pigmented Epithelium), assuming cone and receptors to be spherical, which deviates from the realistic conical shape. The model does not consider the bulk of the eye affected by laser. Chua et al. (2005) developed a numerical model to predict laser-induced temperature distribution in four ocular tissues along the central pupillary axis (see Fig. 1 ). In this study, the initial temperature of the eye was assumed to be constant throughout the eye and the complete geometry of the eye was not considered. Kandulla et al. (2006) reported a study to monitor temperature of the eye during long-duration surgery, but the study was not extended to short duration laser treatment such as PRP. Sandeau et al. (2008) extended the study through numerical simulations of rabbit eye using bio-heat transfer equations and subsequent experimental work. Flyckt et al. (2006) studied the effect of choroidal convection, the principal cooling technique of the eye, on heat transfer characteristics. Higher values of choroidal heat transfer coefficients were obtained Fig. 1 Three-dimensional schematic of the physiology of the human eye adapted and modified from wikipedia (2011) during numerical simulation along a simple three-dimensional geometry of the eye, than earlier work by one of the authors Lagendijk (1982) . Hirata (2007) performed steady state simulation on the effect of microwave radiation on human eye using an improved numerical model of the irradiated eye. Ng et al. (Ng and Ooi, 2006; Ooi et al., 2007) reported steady state simulation of a two-dimensional model of the eye, which was followed by a three-dimensional model by Ng and Ooi (2007) . In the present study, multi-spot retinal laser surgery is numerically simulated using a truncated three-dimensional model of the human eye and flat-top laser beam. Two different arrays are studied: a square array of nine spots and circular array of seven spot. The spots are distributed uniformly within the array and irradiated sequentially. Finite volume formulation of Pennes bio-heat transfer (Pennes, 1948 ) is employed as the governing equation to simulate the transient temperature distribution. Transient simulations of pulsatile irradiation and reduced laser power are also performed for both arrays and shown to prevent thermal damage of the eye by overheating.
MATHEMATICAL FORMULATION AND BOUNDARY CONDITIONS
The energy equation in the eye domain must be solved with its boundary conditions in order to predict temperature distribution resulting from the laser irradiation. The Pennes bio-heat transfer equation (Pennes, 1948) can be written as
When compared with the cross sections of the eye (24 mm), the retinal and scleral region are very small (around or less than 1 mm). In this, the RPE thickness is about 10 µm. Since this is where most of the laser irradiation is absorbed, our reasoning is to treat this RPE region as a lumped system. Such a treatment will not affect overall temperature distribution in the other section of the eye during simulations for interpreting the results. The references for choosing RPE region properties are indicated in Table 1 -the data for which is collected from Boettner and Wolter (1962) and Chew et al. (2000) . The resulting heat generation rates (Q ) are presented in Table 2 . The metabolic heat generation rate is in the order of 10 3 W m −3 , whereas the resulting volumetric heat generation rate in the RPE resulting from laser power applied in the present study (200 mW ) is in the order of 10 10 W m −3 .
Thus error due to neglecting of metabolic heat generation rate will be negligible. The last term in Eq. (1) is the blood perfusion term representing choroidal blood flow that cools the eye from the rear. The choroidal blood mass flow rate can be calculated aṡ
where ω is the blood perfusion rate and Vc is the volume of the choroid in the interior of eyeball. Suitable values for ω are taken from Flyckt et al. (2006) and other literature. The present three-dimensional model is truncated at cutting plane shown in Fig. 2 . An adiabatic boundary condition is applied at cutting plane.
During validation, the alternative of modeling the blood perfusion through the choroid is invoked. For enabling this, a convection type boundary condition is imposed at the sclera (see Fig. 2 ), written as
The initial temperature is considered as 37 • C, throughout the computational domain as only posterior half of eye is considered . Figure 1 shows the cross section of the eye. The diameter of the eye, along the pupillary axis is about 24 mm. The vertical diameter is about 23 mm (L'Huillier and Apiou-Sbirlea, 2000). The posterior half of the human eyeball is almost spherical (Forrester et al., 2001) . Each region is assumed to be homogeneous and the eye is assumed to be symmetrical about the pupillary axis.
EYE GEOMETRY AND PROPERTIES
For the present modeling, only the posterior section of eye comprising the vitreous humour, retinal pigmented epithelium (RPE), choroid and sclera is considered. The thickness of sclera varies from 0.6 mm at the limbus to 0.5 mm at the equator and 1 mm at the exit of optic nerve. The retina varies in thickness from 0.5 mm to 0.1 mm, being thick around the optical disk and thinning at the equator. The retina has ten layers; the inner nine layers are considered neural retina and the exterior layer comprises pigmented epithelium also known as RPE. Table 1 Thermal properties of various part of the human eye taken from references (a) Boettner and Wolter (1962) , (b) Emery et al. (1975) , (c) Neelakantaswamy and Ramakrishnan (1979) , (d) Lagendijk (1982) , (e) Scott (1988) , (f) Chew et al. (2000) , (g) Flyckt et al. (2006) . RPE cells have specialized with multiple essential functions and serve as 'nurse cells' for the retina. RPE absorbs and delivers nutrients to the neurosensory retina and transports the metabolic end products to the choroid. RPE cells have elaborate mechanisms to remove toxic molecules and free radicals produced by light and thus contribute to a stable and safe retinal environment. The melanin pigment in the RPE protects the photoreceptors from short-wavelength light damage and shields scattered light from the sclera. Thickness of RPE varies from 6 µm to 15 µm (Till et al., 2003) and is assumed to be 10 µm in this study.
The eye's cooling mechanisms are assumed to be located at the surface of eyeball. The choroid, present between the sclera and retina, facilitates blood flow at the back of the eye, and cools the rest of the eye. It is assumed that RPE absorb all the energy at the wavelength of argon laser.
The values for the required thermo-physical material properties for all occular regions mentioned in Fig. 1 were collected from literature as tabulated in Table 2 .
An argon laser with power Q = 0.2 W irradiating a spot size of 500 µm is selected for the numerical simulation. The percentage heat generation in different regions of the laser path are given in Table 1 . The chosen spot size, laser power and the reported heat generation percentage were corroborated by several recent studies (spot size - (Chew et al., 2000; Luttrull et al., 2005; Blumenkranz et al., 2006) , heat generation percentage - (Luttrull et al., 2005; Paysse et al., 2007) , laser power - (Chew et al., 2000; Flyckt et al., 2006; Blumenkranz et al., 2006) ). Figure 2a shows the truncated three-dimensional geometrical model meshed with a computational grid and the boundary conditions employed. The 3 × 3 square array of spots is presented in Fig. 2b along with computational grid. Spots are labeled according to the order of irradiation during sequential treatment. During simultaneous irradiation, all the nine spots are irradiated simultaneously. D is the distance between centers of two consecutive spots for both square and circular array. The values of D for the present study lies between 0.25 mm and 0.75 mm, including these values. The laser path along the eye cross-section is separately modeled using a subroutine. This calculates the energy absorbed in each region of the eye based on the respective absorbtion coefficient and radiation properties provided in Tables 1 and  2 The geometric construction and meshing of the three-dimensional model is obtained using Gambit 2.3.16. Hexahedral finite volume elements are used for meshing the RPE. The rest of the domain is meshed using tetrahedral finite volume element. Fluent 6.3.26, which employs the finite volume method, is used to solve the discretized equations. Double-precision coupled solver with second-order time implicit scheme is selected. A second-order upwind scheme is adopted for the energy equation. Convergence criterion for successive iteration is set as 10 −9 . Grid independence and time independence studies have been carried out for the three-dimensional domain with laser irradiation. Based on parameters such as error in temperature and energy balance, a grid with 3330489 cells and time step of 1 ms has been selected for further simulation. During transient simulation of pulsatile laser, the time step is further decreased to 0.1 ms. Further details of grid independence and time independence studies and validation reported in .
NUMERICAL METHOD AND GRID INDEPENDENCE

RESULTS AND DISCUSSION
Sequential multi-spot laser-irradiation of the human eye is simulated using a truncated three-dimensional model. The multi-spot setup mimics actual surgical treatment in which adjacent spots in the RPE layer are sequentially burned using laser. In the present simulation, two different arrangement of spots are studied, viz. a square array of 3 × 3 spots and a circular array of six spots surrounding a central spot. During laser surgery, each spot is heated for 100 to 200 ms, followed by a cooling period of 100 to 200 ms before irradiation of the subsequent spot. In this transient simulation, each spot is irradiated for 100 ms and cooled for 100 ms sequentially. The total duration of simulation is thus 1800 ms for the square array and 1400 ms for the circular array. Five values of center-to-center inter-spot distance (D) are used in the simulation to factor-in possible spot overlaps in actual surgery -0.75 mm, 0.625 mm, 0.50 mm, 0.375 mm and 0.25 mm. D = 0.375 mm and 0.25 mm correspond to the case of overlapping spots.
The target for laser induced coagulation is the retinal tissue. The thickness of the irradiated RPE layer is very small (10 µm), and hence the temperature profiles on either side of the layer are identical. The following values are used for the simulation -body temperature : 37
• C, heat transfer coefficient at the sclera : 65 W m −2 K −1 , applied laser power : 0.2 W and spot size: 500 µm in diameter, D = 0.25, 0.375, 0.50, 0.625 & 0.75 mm. Fig. 3 show the isotherms for spots 2, 4 and 6 of square array (Fig.  3a) and circular array (Fig. 3b) at 300, 700 and 1100 ms heating respectively for a value of D = 0.625 mm. The temperature profile of the heat affected zone evolves with duration of irradiation. During the initial stages of laser heating, the isotherms of both arrays are similar. As heating progresses, distinct changes in the isotherms are seen, which can be attributed to two factors. (i) In the square array,heating commences at the outermost spot and proceeds along the rows, while in the circular array, heating starts at the central spot. (ii) As mentioned earlier, the effective center-to-center distance between the corner spots (spots 1, 3, 7 and 9) and central spot is √ 2 D compared to the inter-spot distance of D between any other two adjacent spots in the array. In the circular array, on the other hand, all spots are placed equidistant (D) from the central spot and from neighbouring spots.
In Fig. 3 , at the end of the 100 ms heating of spot 2, the peak temperature attained by the spot is almost the same in both arrays. But by the time the fourth spot is heated, the peak temperature of spot 4 is higher for the circular array than the square. The situation is reversed at the end of heating cycle of spot 6. But the difference in peak temperatures is less than 1
• C between corresponding spots of the two arrays. To ascertain the effect of sequence of irradiation, the history of peak temperature evolution of the central spot in both arrays are presented in Fig. 4a and b respectively for the values of D considered. By virtue of being surrounded on all sides by other spots, the central spot has least diffusion space available in both cases. For the square array, as the value of D increases, peak temperature of central spot of square array decreases as seen in Fig. 4a . After a certain value of D (say 0.625 mm), there is negligible change in peak temperature of the central spot. For a smaller value of D, the remnant heat from neighbouring pre-irradiated spots (spots 1 to 4) diffuses to the central region and thus preheats the spot. The pre-irradiated neighbouring spots pose an unfavorable temperature gradient and thus suppress diffusional cooling. In the circular array (Fig. 4b) , the central spot is irradiated first and therefore is not preheated by neighbouring spots. As irradiation of other spots proceeds, the central spot in the circular array is at a higher temperature than its counterpart in the square array since spots on all sides of the central spot in the former are heated sequentially and there is diffusion of heat from the peripheral spots to the central spot. It is surmised that the spots with least diffusion space should be irradiated in the initial part of irradiation sequence. However, this keeps these spots at elevated temperatures longer.
In PRP treatment, a temperature of 60 • C is sufficient to coagulate the diseased tissue. Temperatures beyond this level may damage the surrounding healthy tissue by diffusion of heat that can cause short and long term side-effects. In practice, employing the present setting of power, pulse duration and D = 0.625 mm, the peak temperature at RPE reaches 103 • C (see Figs. 3, 4) , a situation that has to be avoided to prevent irreversible damage to the eye. One feasible solution is to pulsate the irradiation, as proposed in , an approach that reduces the peak temperature of the domain. The isotherms for square array and circular array, under pulsatile irradiation are presented in Figs. 5a and b respectively. When compared to the isotherms where pulsation is absent, there is a small change in the minimum temperature of the spots. But the peak temperature reduces to about 79
• C from 103 • C, for both arrays. Pulsation with a time period of 5 ms further reduces the peak temperature to 77
• C as shown in Figs. 6a and b.
An alternate approach to reduce the peak temperature to photocoagulation temperatures, is to reduce the laser power. To maintain the temperature at around 60
• C, accurate prediction of laser power is essential, as shown in Jha and Narasimhan (2010) . The isotherms for the square and circular array, using reduced power setting of 0.072 W are presented in Figs. 7a and b. As with the pulsatile case, the isotherms of the reduced power irradiation are similar to full power (0.2 W ) settings in both arrays, but peak temperatures of the spots are maintained around 60
• C with minor deviations.
Peak temperature evolution of spots 1 and 7 of square and circular array for a value of D = 0.625 mm under all the conditions discussed earlier, are presented in Fig. 8a and b respectively. During heating with full laser power of 0.2 W the peak temperature attained by spots 1 & 7 of square array at 100 ms and 1300 ms are 100.3
• C and 101.4
• C respectively. The peak temperature of corresponding spots of circular array attain 100.5
• C & 102.8
• C respectively. When laser is pulsated, Fig. 5 Comparison of isotherms evolution for three spots (spots 1, 4 & 7) with D = 0.625 mm at 300 ms, 700 ms and 1300 ms respectively (a) square array of 3 × 3 spots (b) circular array with seven spots, where laser heating of Q = 0.2 W until 20 ms and subsequent pulsatile heating with a time period of 10 ms for rest of 80 ms is done during corresponding laser irradiation of each spot of array.
the average peak temperature of spots of the both the array reduces to 70 • C with minor deviations at the end of each heating cycle of 100 ms. When laser power is reduced to 0.072 W , the peak temperature of spots are maintained around 60
• C at the end of heating cycle.
CONCLUSIONS
Sequential mode of laser surgical process is simulated using a truncated three-dimensional finite volume model of the human eye. Two different types of arrays -square array of nine uniformly distributed spots and a circular array of six uniformly distributed spots around a central spotare used for simulation of multi-spot retinal laser surgery. The inter-spot distance are varied in between 0.25 mm and 0.75 mm to identify the optimal distance of safe placements of spots of the arrays. The peak temperature attainted by spots of both the arrays are of order of 103
• C for a value of D = 0.625 mm and beyond. The difference in peak temperature is less than 0.6
• C in between the corresponding spots of the square and circular array. A decrease in value of D leads to increase in peak temperature of spots of both the array. A value of D = 0.625 mm can be considered as the optimal value of inter It is concluded that the sequence of irradiation of spots is critical in maintaining spot temperature at safe levels. The spot, which has least diffusion space should be irradiated first. Otherwise, it will be at elevated temperature for prolonged time due to adverse temperature gradient for cooling.
Pulsating laser irradiation with predefined time period of 10 ms and 5 ms can reduce the peak temperature to photocoagulation levels without causing excess heat-induced damage to surrounding tissue. As time period decreases, the peak temperature decreases. With a time period of 10 ms, the peak temperature of spots of both arrays approach 80
• C. A time period of 5 ms reduces the peak temperature of spots to 77
• C, for a value of D = 0.625 mm.
Reduction of peak temperature can also be achieved by reducing the laser power. The peak temperature of spots of both square and circular array reaches to 60
• C, with a power setting of 0.072 W . Such an approach can also minimize collateral thermal damage of healthy neighbouring ocular tissues. 
